Objective: To assess the relationship between in vivo measurements of optic disc topography and histomorphometric measurements of optic nerve fiber number in glaucoma.
C
ONFOCAL scanning laser provides rapid and reproducible in vivo measurements of optic disc topography. [1] [2] [3] [4] [5] [6] [7] However, the relationship between optic disc topography and optic nerve fiber loss in glaucoma has not been established. An understanding of this relationship is important to guide the clinician in the use of the best topographic parameters to diagnose glaucoma and detect progressive change. The current study was undertaken to compare measurements of optic disc topography with the number of surviving optic nerve fibers in experimental glaucoma.
RESULTS
Compared with the control left eye, 11 of 13 global optic disc topographic parameters were statistically different in the glaucomatous right eye ( Table 1) . Only the differences in the optic disc area and rim area did not reach a level of statistical significance. Differences between control and glaucomatous eyes were significant for RNFL thickness, RNFL cross-sectional area, rim volume, and mean height contour, as were differences in cup area, mean cup depth, cup volume below reference, cup volume below surface, maximum cup depth, cup shape, and differences in the ratio of cup area to disc area.
Morphometric estimates of the number of optic nerve fibers are shown in Table 2 . The estimated mean (±SD) number of fibers per optic nerve in 10 control left optic nerves was 1 073 205 (±198 254), and the estimated number of fibers per nerve ranged from 796 250 to 1 431 519. In contrast, the estimated mean (±SD) number of fibers per glaucomatous nerve was 519 610 (±470 273), and the estimated number of fibers ranged from 0 to 1 184 203. The mean of the number of nerve fibers was significantly different in glaucomatous right optic nerves compared with control left optic nerves (P=.002). The mean (±SD) of the difference in number of optic nerve fibers between control and glaucomatous optic nerves was 553 595 (±426 731). Optic nerve fiber number in the glaucomatous optic nerves correlated with intraocular pressure prior to death (= −0.88).
The correlation coefficients between the number of optic nerve fibers in the glaucomatous optic nerves and the 13 optic disc topography parameters are shown in Table 3 . For neuroretinal rim measurements, optic nerve fiber number showed the strongest correlation with rim area (=0.82); this was followed by RNFL (=0.75), rim volume (=0.72), and RNFL thickness (=0.71). For cup measurements, optic nerve fiber number showed the strongest correlation with cup volume below reference (=−0.87); this was followed by cup area (=−0.82), mean cup depth (=−0.81), ratio of cup area to disc area (=0.81), and cup shape (=−0.65). The number of optic nerve fibers in glaucomatous eyes showed weaker associations with maximum cup depth (=−0.61), cup volume below surface (=−0.53), mean height contour (=−0.49), or optic disc area (=0.42).
Significant correlations also were found for differences in optic disc topography parameters between control and glaucomatous eyes and differences in nerve fiber S N T I Each nerve cross section was divided into 4 quadrants (S, T, I, and N indicate superior, temporal, inferior, and nasal quadrants, respectively) by 2 meridional lines. Each quadrant was divided into peripheral and central sectors. Two white frames in the superior quadrant indicate the position where 6 counting frames were placed in the peripheral and central sectors.
The insert on the right shows unbiased counting of circles representing optic nerve fibers. Only the profiles completely inside the frame and those intersecting the lower or right-hand border of the frame were counted. The area of each counting frame was 100 µm 2 .
METHODS
Experimental glaucoma was induced in the right eyes of 10 monkeys (Macaca fascicularis), according to the protocol described by Gaasterland 
CONFOCAL LASER SCANNING TOMOGRAPHY
Optic disc topographic measurements were acquired and analyzed using a confocal scanning laser ophthalmoscope (Heidelberg Retina Tomograph [HRT], Heidelberg Engineering GmbH, Heidelberg, Germany), which employs a diode laser (wavelength, 670 nm) to scan a surface in the x, y, and z directions. Image acquisition and processing with the HRT have been described in detail elsewhere. 6 Briefly, an image series is obtained from 32 transverse optical section images taken at consecutive height planes with a scan depth of 1.5 to 2.5 mm. An effort was made to maintain a constant distance between the objective lens of the HRT and the eye. Each image series was then analyzed to generate a topographic map containing 256 ϫ 256 picture elements. Optic nerve topography was measured in the anesthesized (ketamine and xylazine) animals 10 months after laser treatment. Three HRT images of 15°field of view were taken for each eye. Image quality was monitored by the software and the operator. The mean topography image was calculated using HRT software version 2.01 (Heidelberg Retina Tomograph [HRT], Heidelberg Engineering GmbH). To estimate the reproducibility of the HRT measurements in subjects receiving general anesthesia, the mean SD of 3 images was averaged for all picture elements by the software. Disc margins were outlined while viewing stereophotographs obtained 10 months after inducing glaucoma, prior to HRT measurements. The keratometric readings were used to correct for magnification error. Softwaredetermined parameters were retinal nerve fiber layer (RNFL) thickness, RNFL cross-sectional area, rim volume, rim area, mean height contour, cup volume below reference, cup volume below surface, cup shape, mean cup depth, maximum cup depth, cup area, optic disc area, and the ratio of cup area to disc area (cup-disc area ratio). The RNFL thickness, RNFL cross-sectional area, rim volume, rim area, cup area, and cup volume below reference are measured relative to the standard reference plane. The position of the standard reference plane is 50 µm posterior to the mean height of the optic disc margin contour line in a temporal segment between 350°and 356°. The RNFL thickness and RNFL cross-sectional area are indirect estimates of the retinal nerve fiber layer thickness and cross-sectional area along the disc margin.
HISTOLOGY
Animals were killed by intracardiac perfusion with fixative, 4% paraformaldehyde, and 0.1% glutaraldehyde in 0.1-mol/L phosphate buffer (pH, 7.4) while receiving deep general anesthesia (intramuscular injection of ketamine and numbers ( Table 4) . For neuroretinal rim measurements, differences in nerve fiber number between control and glaucomatous optic nerves showed the strongest correlation with differences in mean height contour (=−0.88); this was followed by differences in RNFL thickness (=0.84), RNFL cross-sectional area (=0.84), rim volxylazine) 14 months after laser treatment. After enucleation, optic nerves were fixed by immersion in 2.5% glutaraldehyde in 0.1-mol/L phosphate buffer (pH, 7.4) for at least 48 hours. Following 3 washes with 0.1-mol/L phosphate buffer (pH, 7.4), optic nerves were placed in a solution of 2% osmium tetroxide in phosphate buffer for 1 hour and then washed again with 0.1-mol/L phosphate buffer. Optic nerve cross sections of 1-mm thickness were taken 2 mm posterior to the sclera and marked with 1 razorblade slit in the superior quadrant and 2 slits in the nasal quadrant to indicate the orientation. Cross sections were placed in 2% osmium tetroxide for 2 hours, dehydrated in alcohol, and embedded in a resin mixture. Semithin, 0.5-µm-thick cross sections were cut with a microtome, mounted on glass slides, and stained for myelin with p-phenylenediamine.
MORPHOMETRY
Morphometry (Figure) was performed using brightfield microscopy with camera lucida. At low power, optic nerve cross sections were divided into 4 quadrants (superior, inferior, temporal, and nasal) of approximately equal area. Each quadrant was further divided into peripheral and central sectors according to the paler staining observed in the peripheral zone that contains less myelin. For each sector on the optic nerve cross sections, neuroglial area, interfascicular septal area, central retinal artery and surrounding connective tissue area, and total area were estimated by point counting. 9 Each point corresponded to an area of 0.0196 mm 2 . The neuroglial area included myelinated nerve fibers and glial cells.
At high power magnification, nerve fiber density was estimated for the peripheral and central sectors of each quadrant using an oil immersion ϫ100 objective. The final magnification was ϫ1562. The sampling of the fields for each sector was determined in an unbiased and systematic fashion on a line from the borders of the quadrant at the half radius of the optic nerve cross section (for the central sector) and at 1 ⁄20th of the radius (for the peripheral sector) on a drawing of optic nerve boundary independent of its content. Unbiased counting frames were positioned at the center of a visual field in each sector. Six frames were selected to avoid interfascicular septae. As described by Gundersen, 10 sampling bias was minimized by counting only those profiles completely inside the frame and those intersecting the lower or right-hand border of the frame. The area of each counting frame was 100 µm 2 . Nerve fiber density for each sector was calculated by dividing the number of nerve fibers in the 6 counting frames by 600 µm 2 . The total number of nerve fibers per sector was calculated by multiplying nerve fiber density by neuroglial area. The total number of nerve fibers per quadrant was calculated by adding the peripheral sector nerve fiber number to the central sector nerve fiber number. Total nerve fiber number per optic nerve was estimated by adding nerve fiber numbers of all 4 quadrants.
STATISTICAL ANALYSIS
To compare means of the right and left optic nerve fiber counts, a Wilcoxon signed rank test was used. Nonparametric Spearman rank correlation was used to compare number of optic nerve fibers with each of 13 global HRT parameters.
All studies were performed following the guidelines of the Association for Research in Vision and Ophthalmology Resolution on the use of animals in research. ume (=0.81), and differences in rim area (=0.72). For cup measurements, differences in nerve fiber count between control and glaucomatous optic nerves showed the strongest correlation with differences in cup shape (=−0.83); this was followed by differences in mean cup depth (=−0.76), cup volume below reference (=−0.75), ratio of cup area to disc area (=−0.75), and differences in cup volume below surface (=−0.71). No association was found between differences in the nerve fiber count between control and glaucomatous optic nerves and differences in optic disc area (Ͻ0.01).
COMMENT
In the glaucomatous eyes, most of the optic disc topographic parameters correlated significantly with optic nerve fiber number. Optic nerve fiber number in glaucomatous optic nerves showed the strongest correlation with cup volume below reference; this was followed by rim area, cup area, mean cup depth, and the ratio of cup area to disc area. Nerve fiber number difference between the control and glaucomatous optic nerves showed the strongest correlation with the differences in mean height contour; this was followed by difference in RNFL cross-sectional area, RNFL thickness, and difference in cup shape. For most of the optic disc topographic parameters, differences between the control and glaucomatous eyes showed stronger correlation with nerve fiber number differences compared with measurements in glaucomatous eyes alone. In this study, the mean (±SD) of the estimated nerve fiber number of the 10 control monkey optic nerves was 1 073 205±198 254, similar to that observed in an earlier study of perfusion-fixed monkey optic nerves (1 169 227±227 957). 11 The coefficient of variation for optic nerve fiber was 0.185, similar to those calculated in previous studies: 0.195, 0.24, and 0.169. [11] [12] [13] In the current study, the difference in nerve fiber number between control and glaucomatous optic nerves was used to estimate nerve fiber loss. The analysis assumed that differences between optic nerves in an individual monkey were smaller than differences among the various animals. This method of analysis is supported by a previous report in which the difference between optic nerve fiber numbers in left and right normal human optic nerves ranged from 16% to 25%. 11 In contrast, the nerve fiber counts of control optic nerves in the current study showed large differences among animals. For example, in the present study, the difference in nerve fiber number between the control optic nerves of monkey 6 and monkey 7 was 41%. These data suggest that the variation between left and right optic nerve fiber counts in the normal monkey may be less than the variation observed among animals.
The RNFL thickness, RNFL cross-sectional area, and rim volume measurements are estimates of the retinal nerve fiber layer thickness, cross-sectional area along the disc margin, and neuroretinal rim volume, respectively. These parameters correlated significantly with optic nerve fiber count in the glaucomatous optic nerves. In addition, differences in each of these 3 parameters corre- lated strongly with nerve fiber loss. Hence, these topographic parameters, which are based on a standard reference plane, may be particularly useful for the evaluation of nerve fiber loss in glaucoma. Mean height contour differences between control and glaucomatous eyes showed the strongest correlation with nerve fiber loss. Therefore, this neuroretinal rim parameter, which measures the mean of the absolute retinal height along the contour line, independent of a reference plane, might be useful in monitoring optic disc changes related to optic nerve loss. On the other hand, mean height contour correlated weakly with optic nerve fiber numbers in glaucomatous eyes. This may be explained by the fact that, compared with all other parameters, mean height contour showed the greatest variation among animals.
In our study, cup measurements-including cup volume, the ratio of cup area to disc area, and cup shapewere significantly associated with nerve fiber number. In addition, differences in cup measurements between control and glaucomatous eyes correlated strongly with nerve fiber loss. Cup shape has been shown to discriminate between normal persons and those with early glaucomatous damage.
14 Optic disc topography also may be dependent on variation in IOP in the monkey. 15 We cannot exclude that pressure-related changes, which are explained by mechanical deformation not related to optic nerve fiber loss, could be responsible for some of the HRTparameter differences found between control and glaucomatous eyes. Pressure-related topographic changes have been described for chronic IOP elevation for as long as 4 months. 16 In the current study, optic nerve fiber damage also was caused by chronic elevation of intraocular pressure, and optic nerve fiber loss correlated highly (=−0.88) with the level of IOP. This may explain why the HRT parameters that correlated with optic nerve fiber loss also correlated with IOP of glaucomatous optic nerves. Future experimental histomorphometric studies designed to detect optic nerve head topographic changes due only to optic nerve fiber loss, independent of IOP changes, may be useful in determining the best HRT parameters and the most meaningful analysis strategies for detecting or following the progression of glaucoma.
In conclusion, several optic disc topographic parameters of the neuroretinal rim and cup showed strong correlation with nerve fiber loss in an experimental model of glaucoma. The results of this histomorphometric study support the potential for using the confocal scanning laser ophthalmoscope to evaluate optic nerve damage in glaucoma.
